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1. Introduction
The Albano and Nemi lakes partly fill two
craters of the Colli Albani volcanic complex lo-
cated in central Italy, about 15 km SE of Rome,
fig. 1. The area belongs to the potassic and ul-
trapotassic Roman Magmatic Province, a north-
west-trending chain of volcanoes that devel-
oped along the Tyrrhenian Sea margin of Italy
during middle and late Pleistocene time (De Ri-
ta et al., 1988; Trigila, 1995). The volcanic his-
tory of the Colli Albani is dominated by recur-
rent eruptive histories starting about 561 ka and
ending with the most recent and voluminous ac-
tivity of the Albano maar (<70 ka) phase, that
cannot be considered completely extinguished
(Freda et al., 2006; Funiciello et al., 2003). In
fact, this area is characterized by recurrent seis-
mic activity (Feuillet et al., 2004; Amato et al.,
1994; Tertulliani and Riguzzi, 1995; Riguzzi
and Tertulliani, 1988; Molin, 1981); tempera-
ture and water composition variations (Boni et
al., 1995; Calcara et al., 1995); gas emissions,
CO2 and in minor part H2S (Carapezza and Tar-
chini, 2007; Tuccimei et al., 2006; Carapezza et
al., 2005; Carapezza et al., 2003; Pizzino et al.,
2002; Chiodini and Frondini, 2001 and refer-
ence therein) and by significant ground defor-
mations (Amato and Chiarabba, 1995; Anzidei
et al., 1998;  Salvi et al., 2004).
The Albano and Nemi lakes partially occu-
py the craters formed during the more recent
volcanic activity. Their present water level is
well below the drain tunnels built in each lake
during the Roman age (398-397 BC) to regulate
the level variations and for agriculture irriga-
tions. These artificial pipes today do not drain
any water as they are located some meters
above the lake levels, thus testifying in some-
way the water volume reduction occurred in re-
cent times.
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Recent papers (Funiciello et al., 2002; Funi-
ciello et al., 2003; Anzidei et al., 2008) high-
light the relevance of the detected high water
level variations and catastrophic withdrawal of
the Albano maar lake since pre-historic age as
possible indicators of a sudden variation of CO2
flow and upwelling of hydrothermal fluids.
Many studies involving different research fields
have been carried out about the level variations
of the Albano lake (Capelli and Mazza, 2005;
Capelli et al., 2000; Dragoni, 1998; Boni et al.,
1995). In the past, until the 4th century B.C., cat-
astrophic exudations occurred. The repetition
of these events was prevented by the drain-tun-
nel dug by the Romans to control the water lev-
el, used until recent times. 
The Nemi lake incurred another important
human action, its water level was further low-
ered of about 23 m from 1928 to 1932, in order
to facilitate the recovery of two large ancient
Roman ships resting on the lake bottom there-
after, the water level was slowly left to increase
again, remaining nowadays well below the
drain tunnel level. 
From  2005 to 2007 the Department of  Civ-
il Protection financed the project DPC115
V3_1, the first one specifically oriented to the
definition of potential hazards and crisis levels
of the Colli Albani. Considering gas emissions,
seismic swarms and ground deformation the
most compelling unrest activities of the vol-
cano, one of the priorities of the project was to
study the dynamics of the area and their inter-
ferences with human activities, including local-
Fig. 1. The Colli Albani area, the white square indicates the area of the LIDAR survey. Numbers refer to sites
reported in table II.
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scale ground deformation, stress field, slope
stability, recent eruptive processes, crater lake
evolution, quaternary mass flows. 
In this framework, we assessed a detailed
digital database to represent the morphology of
the Albano and Nemi craters (fig. 1). The
knowledge of the crater shapes (from LIDAR
and bathymetry) and lake levels (from GPS
RTK survey) makes it possible to infer the re-
cent water volume loss of the Albano lake and
the present water level of the Albano and Nemi
lakes, rather different from the topographic val-
ues reported on the current Istituto Geografico
Militare (IGM) tables.
2. Bathymetry of the Albano lake
In November 2005 a high precision bathy-
metric survey of the Albano maar lake was car-
ried out. The bathymetric survey is well de-
scribed in detail in Anzidei et al. (2006).
Briefly, we want to recall here that to survey the
submerged part of the Albano crater, due to the
lake depth, two different multibeam sonars
were used: the ultra high resolution Reson
Seabat 8125 (250 beams, swath 0.5° x 1.0°, 455
Khz) up to 80 m depth and the Reson Seabat
8101 (101 beams, swath 1.5° x 1.5°, 240 Khz)
from 80 m to the bottom of the lake.
The positioning of the watercraft was de-
fined by two GPS stations, the rover located on
the mobile vehicle, working in RTK mode with
differential corrections transmitted by a GSM
modem and the reference GPS station (ALBA),
located near the lake river, whose coordinates
were estimated with centimeter accuracy with
respect to the permanent station of INGR (De-
voti et al., 2008), situated on the roof of the Is-
tituto Nazionale di Geofisica e Vulcanologia,
about 15 km NW from the lake.
Due to the various ranges of depths and the
consequent employ of two different kinds of
sensors, the surveys allowed obtaining data at
different resolution levels. The highest resolu-
tions are achieved at shallow depths, within 80
m, the lowest at the others. The mean deviations
of the multibeam data show values ranging be-
tween 10-15 cm for depths within –20m; 15-30
cm between –20 and –50 m and 30-50 cm at
depths greater than –50 m (Anzidei et al.,
2006). To avoid the problem to manage irregu-
lar grids, due to the irregular resolutions, as first
step the observations were interpolated on a
regular grid with a mesh of 2 m, calibrated on
the resolution of the highest depths. 
All the measured depths refer to the mean
lake level, estimated at the moment of the sur-
vey at 336.7 m with respect to the WGS84 ref-
erence ellipsoid. The newly estimated maxi-
mum depth from bathymetry reaches 167.5 m
and corresponds to distance between the mean
lake level and the bottom of the central crater
(Anzidei et al., 2006). The high resolution ba-
thymetric survey allows the topographic shape
and the morphology of the bottom and near the
shore areas of the Albano crater to be defined in
great detail (fig. 2, Anzidei et al., 2008; Maz-
zanti et al., 2007; Anzidei et al., 2006).
3. Airborne laser scan survey of the Albano
and Nemi craters
The airborne laser scan (LIDAR) survey
was carried out by the Compagnia Generale
Ripreseaeree s.p.a. on 13 April 2006 to obtain a
high resolution Digital Terrain Model of the Al-
bano and Nemi craters. The flight covered an
area of about 35 km2 including both the Albano
and Nemi lakes and some surroundings (fig. 1,
white rectangle).
The survey was carried out by an aircraft
equipped with three main instrumental systems:
a laser scanner device, a GPS devoted to the po-
sitioning of the aircraft and an inertial appara-
tus composed by three accelerometers and three
gyroscopes to record the attitude variations of
the aircraft during the flight. 
The laser scanner device employed is the
Optech ALTM 3033 system characterized by a
highly focused laser beam modulated on a fixed
infrared frequency. An oscillating mirror locat-
ed in front of the laser is able to modify the di-
rection of the ray pulses so that their sequence
runs a defined trace on land. The mirror con-
ducts the rays along a transversal direction with
respect to the motion direction of the aircraft.
The resulting scanning trajectory is given by
the combination of the two motions and the on
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land trace has the characteristic zigzag trend
that allows a more uniform distribution of the
surveyed points with respect to those obtained
by sinusoidal traces.
The scanner records the intensity values of
the backscattered signals, useful to discriminate
in a relative way the kind of object lightened by
the laser. The backscattered signal is recorded
as a digital electric signal from the receiver and
correlated with the GPS signal and inertial
measurements synchronously recorded. The in-
ertial system controls the aircraft attitude fluc-
tuations during the flight, the GPS receiver pro-
vides the precise WGS84 positioning of the air-
craft with respect to some on land control sites.
The decorrelation of the backscattered pulse
and the inertial correction and aircraft position-
ing estimate the coordinates of the surveyed
points.
The survey was planned to cover the whole
area by 13 stripes with an overlap of about 30%
from a mean flight height of 1200 m with an ex-
pected nominal accuracy of about ± 15 cm
(table I). 
The area investigated by airborne laser
scanning has highly variable morphology. In
fact there are sectors of the craters character-
ized by steep slopes and other completely flat
areas, most of them represented by the air-wa-
ter interface (the lake surface area). Moreover
some areas are highly vegetated and others are
densely populated, making crucial the filtering
procedure to separate the first from the last
echoes to obtain a reliable representation of ter-
rain. Consequently, the raw data were carefully
filtered step by step. The first step consists of
eliminating gross errors or anomalous sites sim-
ply recognizable being much higher or lower
than the surrounding scattering points. The first
may be produced by objects that do not rest on
12° 40' E 12° 41' E 
41° 45' N 
41° 44' N 
0 1 km 
Depth (m) 
170
120
0
60
Fig. 2. The bathymetry of the Albano lake (modified after Anzidei et al., 2006).
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land, like flying birds or suspended electrical
cables, whereas the second are due to multiple
reflection effects. The elimination of this kind
of outliers yelds a Digital Surface Model
(DSM), i.e. the representation of terrain with
vegetation and buildings. The second step con-
sists of the vegetation filtering  using the double
echoes originating near the vegetation itself: in
fact, as usual, a portion of the laser beam cross-
es the leaves and generates a second echo after
the terrain reflection. This procedure is able to
separate the two echoes if the vegetation
heights are at least at metric level. The third
step is the removal of artifacts and buildings by
Terrascan©, analyzing the presence of strong
gradients in the observations. This step is ac-
complished first automatically and then manu-
ally, to achieve a refined filtered file. 
At the end of the whole processing proce-
dure, the large amount of data (about 24·106
height values) does not permit the whole digital
model to be managed in one file. Then, the sur-
veyed area was divided into 17 plates corre-
sponding to 17 different files. The DTM is
available (request to riguzzi@ingv.it) in two
forms: 1) as WGS84 heights of all the surveyed
sparse points (ASCII format file, type .xyz) and
2) as heights interpolated on a regular grid
(ASCII format file, type .asc) with mesh of 1x1
m, both as ellipsoidal and orthometric heights. 
It is almost impossible to assess the real ac-
curacy of the LIDAR DTM, however it is pos-
sible to infer its quality level by comparing the
heights obtained from different survey tech-
niques; between the LIDAR and a kinematic
GPS surveys we have differences within 50 cm
(Pietrantonio et al., 2008); between the LIDAR
and the GPS RTK surveys this value is reduced
to 20 cm in flat areas (see table II). After the
quality check, we unified the DTM obtained by
the airborne laser survey and the bathymetry,
cutting the area covered by the Albano lake
(fig. 3). This step was carefully carried out by
overlapping a georeferenced orthophoto of the
Albano lake to the LIDAR DTM and eliminat-
ing all the heights located within the lake
perimeter (corresponding to the unreliable val-
ues of the water heights from the LIDAR sur-
Table I. Airborne laser scan survey and data availability. 
Survey features
• Flight height 1200 m
• Mean density of points about 1 per m2
• Swath width  462.17 m
• Scan angle ± 11 degree
Products available
• Digital Terrain Model with mean accuracies 
– Height within  50 cm
– Planimetry within 1 m
• Digital Surface Model (with vegetation and manufacts)
• DSM and DTM in Gauss-Boaga and WGS84 coordinates with orthometric and ellipsoidal heights
Unification with bathymetry
• DSM and DTM in Gauss-Boaga and WGS84 coordinates with orthometric and ellipsoidal heights
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vey). The error introduced with this procedure
is within the mean accuracy level of the DTM.
Then we unified the two cleaned, georeferenced
height datasets by Arcgis© having in origin dif-
ferent grids (laser 1m; bathymetry 2m); we
chose to interpolate the 2m-gridded bathymetry
to 1m with the nearest neighbor algorithm, the
most conservative procedure, to avoid discard-
ing about half of the available LIDAR data.
4. Water lake heights from Real Time
Kinematic GPS survey (RTK)  
In July 2007, we carried out the RTK survey
with two aims: the first, to measure the water
level of the two lakes, since the LIDAR survey
is not able to provide reliable data on water ta-
bles; the second, to check if the GPS RTK
heights were in agreement with those retrieved
by the LIDAR survey and with a leveling
benchmark located in the area.
The RTK technique estimates the position
of the surveyed sites in real time with a preci-
sion comparable to the classic static GPS sur-
veys. It is based on the capability of processing
two data flows simultaneously: one coming
from the receiver on site and the other coming
from a network of GPS permanent stations with
known coordinates. The height accuracy
achievable by the RTK survey is at sub-deci-
metric level, sufficiently accurate for our aims,
taking into account the lower accuracy of the
LIDAR survey and the geoidal undulation mod-
el, known with decimetric accuracy.
The GPS RTK survey was carried out on 5
41° 43' 00.2" N 
12° 44' 06.0" E 
41° 45' 08.7" N 
12° 37' 49.8" E 
41° 46' 32.5" N 
12° 40' 07.6" E 
41° 41' 38.7" N 
12° 41' 49.8" E 
Fig. 3. DTM after the unification of bathymetry and LIDAR surveys.
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sites connecting the receiver by a GSM to the
Internet site of the RESNAP-GPS, a regional
network devoted to the real time positioning
and navigation maintained by the University La
Sapienza of Rome (Crespi et al., 2006). The
server receives the request of differential cor-
rections from the rover receiver, identifies its
position and sends it to the appropriate differen-
tial corrections. Thereafter, the receiver is able
to estimate its own position rapidly (or better
the antenna position). The time spent from call-
ing the network to get the position is about 2
minutes. All the information on the GPS RTK
surveys in the Roman area by the RESNAP-
GPS network is available at  http://w3.uniro-
ma1.it/resnap-gps. 
The sites selected for the GPS RTK survey
are (fig. 1):
1) the Albano shoreline, water level 
2) the Nemi drainage tunnel 
3) the Nemi shoreline, water level (fig. 4a)
4) the Nemi Roman ship museum  (fig. 4b)
5) leveling benchmark (IGM, route 24, s.s. Ap-
pia).
All the heights obtained after the surveys refer
to the WGS84 ellipsoid (table II) and are char-
acterized by a mean precision within 5 cm. To
obtain the orthometric heights (asl) it is essen-
tial to know the geoid undulations. In this area
the geoid is always above the reference ellip-
soid by about 48 m. The exact values of the
geoidal undulations are estimated and validated
by the International Geoid Service (Barzaghi et
al., 2002) and provided to the users by IGM.
The chosen geoid model is Italgeo99 with un-
dulations given at 2’ grid; the undulations cor-
responding to the surveyed sites come from in-
terpolation (software Verto© released by IGM).
Table II shows the results obtained for the list-
ed reference points, after the GPS RTK survey.
The sites 2, 4 and 5 (table II, fig. 1) are three
control sites for which we dispose the LIDAR
Fig. 4. GPS RTK survey to measure the lake levels: a) Nemi shoreline (1, fig. 1), b) the Roman ship museum
near the Nemi lake (4, fig. 1).
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heights (2, 4) and the orthometric height from
high precision levelling surveys (5). The con-
trol points show a very good agreement be-
tween the heights measured by different tech-
niques, if the accuracy level of each single tech-
nique is taken into account. Comparing the LI-
DAR and RTK surveys, the differences are
within 20 cm, whereas differences between the
RTK heights and the levelling heights, consid-
ered as a reference, are less than 5 cm. 
5. Albano and Nemi morphometric updates
and water volume changes 
The Colli Albani are composed of many dif-
ferent craters generated during the different
eruptive phases of which the Albano and Nemi
represent the more recent sites of activity; the
Albano and Nemi lakes occupy the low part of
these craters, their water surfaces and the circuit
lengths are estimated at the time of the LIDAR
survey; the water levels are achieved after the
GPS RTK survey (July 2007), all reported in
table III and table IV, units in meter above the
mean sea level.
The orthometric height of the Albano and
Nemi water levels are 288.16 m and 319.02 m
(asl) respectively. The surface of the Nemi lake
lies about 31 m above the Albano lake surface. 
The main morphometric characteristics of
the two craters  sometimes differ from those re-
ported by recent papers (Chondrogianni et al.,
1996; Funiciello et al., 2003 and reference
therein). The Albano crater rim ranges between
367.0 m (NW) and about 530.0 m toward E-SE,
where the slopes are steeper; the distance from
Table III. Morphometric features of the lakes
Albano Nemi
Area (km2) 5.79 1.72
Circuit length (km) 9.5 5.4
Low-rim height (m) 367.0 426.0
Distance Lr-wl (m) 78.8 107.0
Table IV.Orthometric water heights (asl)
Lake level Albano (m) Nemi (m)
GPS RTK 288.16 319.02
Bottom level 121.8 –
Water thickness 166.36 –
Table V. ellipsoidal water heights (WGS84)
Lake level Albano (m) Nemi (m)
Bathymetry - Nov. 2005 336.7 –
GPS RTK - Jul 2007 336.60 367.51
Table II. GPS RTK survey, WGS84 coordinates, geoid undulations and orthometric heights.
site GPS RTK WGS84 Italgeo99 geoid GPS RTK LIDAR IGM leveling
Lat (deg) Long (deg) hell (m) N (m) Horth (m) Horth (m) Horth (m)
1 41 44 37.117 12 39 18.488 336.60 48.447 288.16 – –
2 41 42 43.500 12 41 40.933 371.00 48.487 322.51 322.7 –
3 41 42 27.252 12 42 27.581 367.51 48.487 319.02 – –
4 41 43 17.456 12 42 07.277 376.77 48.487 328.29 328.4 –
5 41 45 56.502 12 37 04.116 231.92 48.390 183.53 – 183.576
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the water surface and the lowest rim is 78.8 m.
The Nemi crater rim ranges between 426.0 m
(SW) and about 650.0 m (E) where is almost
vertical, reaching about the slope of 83° near the
Nemi village; the distance from the water sur-
face and the lowest part of the rim is 107.0 m. 
Table V shows the water levels in WGS84
ellipsoidal heights for the Albano lake from ba-
thymetry (Anzidei et al., 2006) and for Albano
and Nemi lakes from our GPS RTK survey. 
The discrepancy between the Albano levels
obtained from the bathymetric and the GPS
RTK surveys may be explained taking into ac-
count the measurement uncertainties and the
periodical variations due to seasonal influence. 
It is worth noting that the water level of the
Nemi lake is nowadays at 319.02 m (asl), about
3 m above the topographic height (316 m) re-
ported on the IGM tables (Sheet 150, 1:25000),
whereas the Albano water level is about 4.8 m
below the topographic height (293 m) reported
in the same table. These large differences are
probably due to two different causes: at the time
of the IGM survey (probably photogrammetric)
the Nemi lake was recharging after the ships’
recovery and it had not yet reached the equilib-
rium level,  whereas the Albano lake underwent
a more or less continuous lowering.
The hydrogeology of the Colli Albani area
is interesting because different superimposed
and isolated water tables are co-existing, due to
the peculiar stratification of the volcano edifice
(Bersani and Castellani, 2005); the main docu-
mented levels are the regional, the shallower
perched and some different confined aquifers
(Capelli and Mazza, 2005). The regional piezo-
metric level is located topographically current-
ly at 200 m (asl) and its drainage has a SW di-
rection. The piezometric level of the perched
aquifer crops out in the lakes of Nemi and Al-
bano. 
The Albano lake is now 166.36 m deep
(with bottom at about 121.8 m (asl, table IV),
thus intercepting both water flows and incur-
ring in both level variations. In the last decade
the water level progressively decreased. The
main causes are still under debate but it seems
that an important role is played by the increas-
ing water extraction from various wells, varia-
tions of seasonal rainfall and deviations of wa-
ter adductions for different aims (Capelli and
Mazza, 2005).
For the first time, merging the information
provided by the DTM and from the GPS RTK
survey, it is possible to make a more detailed
evaluation of the lake lowering, neglecting the
discussion of its causes, and using the unified
DTM (bathymetry and LIDAR) it is possible to
infer the water volume change. To make such
estimates we adopted the «cut and fill» proce-
dure, an algorithm implemented in most of the
software for DTM management. This proce-
dure is often used in volumetric analysis based
on DTMs, since it evaluates if the elevation of a
surface has been modified by the removal or ad-
dition of surface material. In principle, this al-
gorithm consists in calculating the differences
between the heights derived from two different
DTMs having the same grid or, in our case, be-
Table VI. Water volume at different lake levels
Time (year) h a.s.l. (m) volume (m3)
293 472025901
1993 292 466115542
291 460237073
290 454385524
289 448566137
2007 288.2 444404564
288 442800840
287 437097299
286 431438370
285 425825600
284 420255486
283 414723105
span level loss volume loss
2007-1993 3.8 21710978
yearly 0.27 1550784
Miscellanea  9-03-2009  14:42  Pagina 571
572
F. Riguzzi, G. Pietrantonio, V. Baiocchi and A. Mazzoni
tween the heights derived from the unified
DTM and the reference heights reported in
table VI. Assuming a constant height inside
each cell, the averaged value of 4 heights per-
taining to each cell, the volume change is ob-
tained as the sum of products of the height dif-
ference by the area of each cell.  
At the beginning we evaluated the change in
lake volumes at different water levels: this in-
formation, even if approximate, can give some
useful indications for researchers in different
fields. We started to compute the volumes from
heights near to the drain-tunnel, reported as 292
m asl (Ministero dei Lavori Pubblici, 1978) and
proceeded with decreasing heights, including
the value of 288.16 m, the present water level
estimated by the GPS RTK survey in July 2007
(table VI).  
We take into account that in 1993 the lake
was more or less at the level of the drain tunnel
(Tanga et al. 1996) and then decreased without
reaching this level any longer. If we hypothe-
size a linear trend with constant volume de-
creasing in these years, it is possible to estimate
the annual loss of water volume from 1993 to
2007 in about 1550784 m3 (table VI). Table VI
also reports the total amounts of water level de-
creasing from 1993 to 2007, 3.8 m, and the av-
erage loss level rate, about 27 cm/yr. Note that
it is possible to retrieve a similar average value
from fig. 6 of Capelli and Mazza (2005), the
slope of the trend being about 22 cm/yr. 
Supposing also that the volume trend will
remain constant in the future, we can infer that
in about 310 years the emptying of the Albano
lake could be completed. 
It is important to underline that these esti-
mates have merely the value of approximate
projections, since it is hard to predict the trend
of the lake level in the coming years, the
amounts of each different cause contributing to
the drawdown being not completely pre-
dictable. Moreover we hope that the provisions
applied by the authorities devoted to the envi-
ronmental control of this beautiful area can lim-
it the water table loss. 
In opposition to the Albano lake lowering,
the Nemi lake level is increased of about 3 m,
as reported in the previous section. Although
the bottom of the Nemi lake is located at about
the surface level of the Albano lake, this could
be indirect proof that the two lakes belong to
two different aquifers. 
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